Mü llerian Inhibiting Substance (MIS) expression is inversely proportional to the serum concentration of testosterone in males after birth and in vitro studies have shown that MIS can lower testosterone production by Leydig cells. Also, mice overexpressing MIS exhibited Leydig cell hypoplasia and lower levels of serum testosterone, but it is not clear whether this is a result of MIS affecting the development of Leydig cells or their capacity to produce testosterone. To examine the hypothesis that MIS treatment will result in decreased testosterone production by mature Leydig cells in vivo, we treated luteinizing hormone (LH)-stimulated adult male rats and mice with MIS and demonstrated that it can lead to a several-fold reduction in testosterone in serum and in testicular extracts. There was also a slight decrease in 17-OH-progesterone compared to the more significant decrease in testosterone, suggesting that MIS might be regulating the lyase activity of cytochrome P450c17 hydroxylase͞lyase (Cyp17), but not its hydroxylase activity. Northern analysis showed that, in both MIS-treated rats and mice, the mRNA for Cyp17, which catalyzes the committed step in androgen synthesis, was down-regulated. In rats, the mRNA for cytochrome P450 side-chain cleavage (P450scc) was also downregulated by MIS. This was not observed in mice, indicating that there might be species-specific regulation by MIS of the enzymes involved in the testosterone biosynthetic pathway. Our results show that MIS can be used in vivo to lower testosterone production by mature rodent Leydig cells and suggest that MIS-mediated down-regulation of the expression of Cyp17, and perhaps P450scc, contributes to that effect.
I
n mammals, expression of the testis determining factor, Sry, commits the bipotential gonad to the differentiation of the testes that produce two hormones required for normal male phenotypic development, Müllerian Inhibiting Substance (MIS) and testosterone. MIS (also known as anti-Müllerian Hormone) is a 140-kDa glycoprotein hormone member of the transforming growth factor-␤ (TGF␤) superfamily of growth and differentiation proteins (1) . The fetal Sertoli cells express MIS, which causes regression of the Müllerian duct, the precursor of female internal reproductive tract structures. Concurrently, testosterone, produced by the fetal Leydig cells, induces the differentiation of the Wolffian duct into the vas deferens, epididymides, and seminal vesicles. In the absence of these hormones, as is the case with females, the Wolffian duct degenerates and the Müllerian duct differentiates into the uterus, Fallopian tubes, and upper vagina (2) (3) (4) .
MIS expression remains long after the Müllerian duct has regressed in males and persists at very high levels until puberty. After puberty, the expression of MIS is greatly reduced in males to a level more like that of females, which express low levels of MIS at puberty (5) (6) (7) (8) . The physiological roles of MIS after Müllerian duct regression are currently being investigated and, based on experiments with mouse transgenics and knockouts, indicate that MIS is important for maintaining gonadal competence. Male mice overexpressing MIS have lowered levels of testosterone and Leydig cell hypoplasia and are undervirilized (9, 10), whereas conversely, mice with null mutations in either MIS or the MIS type II receptor (MISRII) have Leydig cell hyperplasia and other gonadal abnormalities (11, 12) .
After birth, there is a reciprocal relationship between the serum concentration of MIS (5) (6) (7) (8) and serum testosterone in males (4) . As the concentration of MIS begins to decline as puberty is approached, there is a concomitant increase in serum testosterone. A likely cause for the low testosterone during the neonatal period is the paucity of remaining fetal Leydig cells after birth when this population of cells appears to die off. Prepubertally, another population of Leydig cells differentiates from mesenchymal precursors to progenitor Leydig cells, then to immature Leydig cells, and finally to adult Leydig cells at puberty. These mature Leydig cells are the source of adult testosterone (13) .
Leydig cells are regulated by feedback control of the hypothalamic-pituitary-testis axis and produce testosterone in response to luteinizing hormone (LH) (14) . LH, secreted from the pituitary gland, binds to its high-affinity G protein-coupled seventransmembrane receptor on Leydig cells, activating adenylyl cyclase, which leads to the enhanced formation of cAMP and subsequent activation of protein kinase A. Phosphorylated steroid acute regulatory protein (StAR) transports cholesterol to the inner mitochondrial membrane where it is converted to pregnenolone by the activity of the cytochrome P450 side-chain cleavage enzyme (P450scc). In rodents, 3␤ hydroxysteroid dehydrogenase͞⌬ 5 -⌬ 4 -isomerase (3␤HSD) converts pregnenolone to progesterone, which is then a substrate for the cytochrome P450c17 hydroxylase͞lyase (Cyp17), the committed step in sex steroid synthesis.
In vitro experiments demonstrated that MIS can inhibit the production of testosterone by Leydig cells (15, 16) and that it does so, at least in part, by regulating the expression of Cyp17 (16) was prepared from Chinese hamster ovary cells stably transfected with a linear construct of the human MIS gene (17) . Active, secreted protein in the growth medium was then passed over an immunoaffinity column prepared with the monoclonal MIS antibody, 6E11, conjugated to Affi-Gel-10 (8). Bound MIS was then eluted off the column and protein concentrations were determined by Bradford assays (18) . The bioactivity of the MIS was then verified by using an established organ culture assay, which grades the regression of the 14.5-day gestation rat urogenital ridge (19) .
Animals. All experimental protocols involving animals were reviewed and approved by the Massachusetts General Hospital Institutional Animal Care and Use Committee. Additionally, all experiments conformed with procedures described in the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Rats. For collection of blood and testicular tissue, adult male 150-175-g Sprague-Dawley rats were obtained from Charles River Breeding Laboratories. The concentrations of LH used were found to maintain high levels of testosterone up to 24 h, reproducibly (20) . Rats were given single i.p. injection of LH (100 units; controls) to maximally stimulate testosterone production, or were treated with a single injection of LH and MIS (100 units LH͞1 mg MIS) to monitor the effects of MIS on intratesticular and serum steroid levels. Blood was collected from the tail vein and testes were harvested for RNA preparation and for histological examination. Testicular fragments were fixed in Bouins' solution and embedded in paraffin before cutting and stained with hematoxylin͞eosin.
Mice. Male 25-30-g (6-7 weeks old) CD1 mice from Charles River Breeding Laboratories were used. Control animals were injected with 10-25 units of hCG; whereas MIS-treated animals received simultaneous injection of hCG (10-25 units) and MIS (100 g).
Following experimental treatment, the cohorts of rats or mice were anesthetized with ketamine͞xylazine 100͞10 mg/kg body weight at different time-points (0.5, 1, 2, 4, 8, and 24 h). Approximately 1 ml of blood was collected by needle puncture into the heart after opening the thoracic cavity, immediately placed on ice (15 min), centrifuged (1,500 ϫ g for 20 min at 4°C), and the serum separated and analyzed by RIA. Testes were harvested for RNA for use in northern blots and for extracts for use in the steroid RIAs. Total RNA was extracted by using the guanidine thiocyanate-cesium chloride method (21) . All RNA was extracted with successive rounds of phenol, chloroform, and ether, then ethanol precipitated and quantitated by absorbance at A 260 . Testicular extracts were prepared by Dounce homogenization in 1 ml of 25 mM Tris, pH 7.4, with a protease inhibitor cocktail (Roche Molecular Biochemicals).
Northern Blot Analyses. Ten micrograms of each RNA sample were denatured with dimethyl sulfoxide and glyoxal at 65°C, separated in a 1.5% agarose gel, blotted overnight onto nylon membranes, and UV-cross-linked. Blots were prehybridized with 100 g͞ml sonicated salmon sperm DNA in 50% formamide hybridization solution and hybridized overnight at 65°C with 2 ϫ 10 6 cpm͞ml probe with riboprobes Cyp17, P450scc, MISRII (22) , and LH receptor (LHR). The murine LHR riboprobe was cloned by reverse transcription (RT)-PCR from MA-10 cells (23) with MuLHR1 5ЈGCACCCATCTCATTCTT-TGCC3Ј and MuLHR2 5ЈCCACCCTTTGAAGCAGGTTTC3Ј primers. The random primed 3␤HSD probe was used at 42°C. Blots were washed at 65°C with 0.1 ϫ SSC (1 ϫ SSC ϭ 0.15 M sodium chloride͞0.015 M sodium citrate, pH 7)͞0.1% SDS and exposed to radiographic film with intensifying screens at Ϫ70°C. Blots were reprobed with a human ␤-actin riboprobe (24) at 65°C and washed at 55°C with 1 ϫ SSC͞0.1% SDS.
MIS ELISA and RIAs. Following experimental treatment, mice or rat testicular tissue and serum were obtained and MIS was measured as described (8) . In addition, serum and testicular extracts were assayed by RIA for total accumulated progesterone, 17-OHprogesterone, and testosterone in the Reproductive and Endocrinology Sciences RIA Laboratory at the Massachusetts General Hospital.
Data Analysis. All experiments were repeated at least three times. An autoradiogram is presented where appropriate for qualitative analysis. Signal intensities of Northern blots were quantitated by using a Molecular Dynamics PhosphorImager. RIAs of testosterone, 17-OH-progesterone, progesterone, and MIS immunoassays (both serum and intratesticular hormone assessments) represent the mean Ϯ SEM of combined data from replicate experiments. Statistical differences between mean values were analyzed by one-way analysis of variance followed by the student's t test. Significance was assigned at P Ͻ 0.05. 
Results and Discussion
To determine whether Leydig cells could respond to MIS administration in vivo, we first studied adult male rats, which were each injected i.p. with either LH or LH and MIS as described in Materials and Methods. Both control and experimental animals were treated with LH so that a down-regulation by MIS could be observed from a maximally stimulated state and to overcome the wide variations in steroid production by Leydig cells among the animals. After 24 h, peripheral blood and testes were collected for testosterone measurement and RNA isolation, respectively. Fig. 1A shows that MIS treatment reduced LH-stimulated serum testosterone levels 3-fold. Northern analyses of testicular RNA, to evaluate the steady-state levels of the mRNAs for some of the enzymes in the testosterone biosynthetic pathway, are shown in Fig. 1B . Expression of mRNA for P450scc, the enzyme that catalyzes the conversion of the 27-carbon cholesterol molecule to 21-carbon pregnenolone in the inner mitochondria membrane, was dramatically reduced and nearly undetectable in all three animals injected with MIS. Cyp17 catalyzes androgen synthesis via its dual activities, hydroxylation of progesterone at the 17 position and conversion of the 21-carbon 17-OH-progesterone to the 19-carbon androstenedione, the immediate precursor of testosterone. Expression of the mRNA for Cyp17 was also greatly reduced in the animals injected with MIS; although, in one of the controls, its expression was unstimulated by LH, which can occur if the i.p. injection enters the bowel. The Northern blots were also probed for actin to ensure equal loading of lanes. In addition, when hematoxylin͞ eosin-stained histologic sections of the control and MIS-treated rat testes were compared no gross morphological differences between the two was observed (data not shown).
To analyze for statistical significance while still using the same concentration of MIS per animal in a given experiment, we continued our investigation with mice (1 mg͞250 g rat vs. 100 g͞25 g mouse), which allowed us to collect testes and blood from nine animals at each of six time points. Fig. 2 depicts the changes observed in adult male mice injected i.p. with either hCG or hCG and MIS. At the indicated time points (0.5, 1, 2, 4, 8, and 24 h) peripheral blood (Fig. 2 A, C , and E) and testes ( Fig. 2 B, D , and F) were collected and total testosterone (Fig. 2 A and B) , progesterone ( Fig. 2 C and D) , and 17-OH-progesterone ( Fig. 2 E and F) were measured. The 8 and 24 h time points for each measurement are also shown as Inset bar graphs with different y axes to highlight the effect of MIS, if any, at those time points. Although it appears that MIS elevates testosterone at the earlier time points, the differences were not statistically significant. However, the differences in serum and testicular testosterone were significant at both 8 and 24 h after MIS treatment (Fig. 2 A and B) . Testosterone levels in MIS-treated mice were decreased at 8 and 24 h by 2-fold and 9-fold, respectively. Progesterone was unchanged, suggesting that any regulation by MIS would be after the StAR, P450scc, and 3␤HSD steps. There was a slight, but statistically significant decrease in serum 17-OH-progesterone after 24 h treatment with MIS (Fig. 2E) ; however, the effect of MIS might be obscured here because all of the values for the MIS-treated animals but one were below the limit of the assay (0.07 ng͞ml), whereas all of the control animals were well above the limit. It was important to assess both serum and testicular steroids to rule out the possibility that the results observed with serum, as reflective of testicular samples, were not due to MIS affecting steroid binding proteins.
In the testis, conversion of 17-hydroxylated steroids to sex steroids appears to be unregulated, whereas the lyase activity of Cyp17 seems to be an independently controlled event (25) . The discrepancy between the observed testosterone and 17-OHprogesterone suggests that MIS might be affecting the phosphorylation state of Cyp17, which when underphosphorylated has little or no lyase activity (26) . Because the lyase activity of Cyp17 in mice is greater than the hydroxylase activity (27) , regulation by MIS at this step would be advantageous. The molecular mechanism that might be involved in regulation of lyase activity by MIS are currently being investigated; initial results indicate that protein kinase A is probably not involved (A.M.T., P.K.D., and J.T., unpublished observation).
To determine whether MIS regulates the steady state levels of the mRNAs (Fig. 3) for enzymes involved in the testosterone biosynthetic pathway, groups of three RNAs for each time point in both Fig. 3 . Northern analysis of Leydig cell mRNAs involved in steroidogenesis. Three randomly chosen mice from the same pool of animals presented in Fig.  2 were used to obtain testicular RNA at the indicated time points. These RNAs were analyzed by separate northern blots with probes for Cyp17, LHR, 3␤HSD, P450scc, and the MISRII. Blots with RNA from hCG-treated animals are shown on top of each set and labeled control and those from hCG-and MIS-treated animals are shown on the bottom of each set and labeled ϩMIS. To control for equal gel loading, all blots were subsequently reprobed for actin, which is shown below each respective probe.
control and MIS-treated mice were hybridized with the indicated probes. At the top of the figure are the blots hybridized with a Cyp17 probe showing that by 24 h the mRNA in MIS-treated animals was diminished 2-fold as determined by PhosphorImager analysis. This is much less than the 10-fold reduction observed when MIS was added to Leydig cells in vitro (16) . In vivo, the feedback control exerted by testosterone on the hypothalamus and pituitary probably confounds the observed MIS-mediated reduction in Cyp17 mRNA, because lowered testosterone results in LH-activation of P450scc in Leydig cells to produce more testosterone (14) . LHR expression also appears to be lower in the MIS-treated mice, but when the blots were reprobed with actin to control for loading and analyzed with a PhosphorImager, the lower signal detected in the MIS-treated animals also applied to actin, indicating a blotting artifact. When the blots probed with 3␤HSD, P450scc, and MISRII were normalized for loading by probing with actin, MIS treatment did not significantly alter the expression of these mRNAs.
It should be noted that, as was observed with rat and mouse Leydig cells in vitro (16) , P450scc mRNA expression is regulated by MIS in rats (Fig. 1B) but is not regulated in mice (Fig. 3) , indicating that the regulatory mechanisms used by MIS in the gonad might be species-specific. Additionally, although the lyase activity in mice appears to be greater than the hydroxylase activity (27) , the opposite may be true in rats (28) . Another example of MIS affecting mouse and rat physiology differently was the observation that MIS could inhibit oocyte meiosis in rats but not in mice (29) (30) (31) . In mice, a low molecular weight cAMP-dependent protein found in follicular fluid, oocyte maturation inhibitor, accomplishes this function (29) .
The dose of MIS administered was designed to produce peak serum levels in the 5-6 g͞ml range based on the dose-response of a highly specific MIS bioassay (19) in which complete regression of Müllerian ducts in fetal rat urogenital ridges is accomplished by 4-5 g͞ml purified human MIS. We measured the serum concentration of the human MIS in the injected animals, n ϭ 3 at each time point (Table 1) . Within 0.5 h the i.p. injected MIS is already detected in serum and reaches its highest level within 1-2 h. By 24 h, the MIS concentration in serum has dramatically decreased, suggesting that, because the differences observed in testosterone were after 8 h of MIS treatment, long term exposure to MIS is required. Because the ELISA we employ only detects human MIS, these results can be used to address the variability of MIS uptake after injection and, by analogy, hCG. The ranges in the results indicate that there are wide disparities between the injected amount of MIS and that observed in serum because the administration is i.p. and not i.v.; despite which there is still a statistically significant effect on testosterone. The concentrations of MIS were consistently very low 48 h after injection and not detectable after 72 h. These results indicates that immunoaffinity-purified MIS has a half-life of approximately 7.5 h after i.p. injection and is cleared from serum within 3 days.
A single injection of MIS substantially lowers serum testosterone levels in vivo, and does so after the LHR, StAR, P450scc, and 3␤HSD steps in the testosterone biosynthetic pathway in adult animals. These findings may have application in clinical situations where lowering serum testosterone specifically is beneficial (e.g., benign prostatic hypertrophy, prostate cancer, and perhaps even polycystic ovarian disease). Elevated testosterone states caused by constitutively activated LHR or its G protein partner, as occurs in McCune-Albright syndrome, might also be moderated by MIS. 
